Résumé. 2014 Cet article présente des travaux récents visant à tester le potentiel de 
Introduction
The continuous improvement of the mechanical properties of bulk materials requires to optimize their microstructure at more and more fine levels. This evolution towards nanometer This type of study was performed in the case of nickel-based alloys used to manufacture singlegrain high-temperature turbine components, i. e. the so-called "single-crystal superalloys" [2, 3] . These materials are strengthened by precipitation of hard and brittle sub-micronic particles -the -y' phase -in a more ductile matrix 2013 thé 03B3 phase -, which results in a rather simple microstructure illustrated in Figure la . Their high temperature strength and stability is mainly correlated with the -y' precipitate volume fraction, size, shape and spatial arrangement [4] . Scanning electron microscopy (SEM) is the most widely used imaging technique for superalloys (cf. Fig. 1 [4] . Indeed, as 03B3 and y phases have relatively close chemical compositions, the sample surface has to be etched then observed in secondary electron mode, which results in some bias due to the non linearity of the secondary electron intensity as a function of the surface topography [4, 5] . For instance, large plateaux of matrix (zones A in Fig. la ) are characterized by a non-homogeneous intensity level, while thin matrix channels (zones B in Fig. la ) are artificially enlarged due to the over-intensity associated with steep steps on the surface. The difficulty of correctly discriminating 03B3 and -y' phases is evident when looking at intensity-level histograms associated with SEM images (cf. Fig. lb [14] for more details).
on STM [8] . Unfortunately, we failed in providing non-noisy images, which was attributed to the presence of a passivation layer on the sample surface. SFM gave much better results [9] [10] [11] [12] , and the aim of this paper is to summarize them. Firstly, the principle of SFM and the different imaging modes tested will be briefly presented. Then, the main inherent sources of measurement bias will be discussed and different ways to limitate them or to take them into account will be proposed. [13, 14] . The latter one, the principle of which is schematized in Figure 2 , was designed to be inserted in and combined with a scanning electron microscope, in order to take advantage of the complementarity of the two techniques.
The sample displacement along x, y (parallel to the sample surface) and z (perpendicular) axes is controlled through a piezo-electric ceramic tube. In our case, the x -y scanning area was typically about 10 x 10 J-tm2 wide, while the z dynamic range was about ±1.5 03BCm. The tip probe used was a Si3N4 single crystal attached to a cantilever the displacement of which is detected and controlled through an optical device. In the device schematized in Figure 2 , the four segment photodiode enables to follow not only the cantilever displacement along z direction, but also Figure 3b . This a priori enables an easy subsequent binarisation of the images.
2.2.3 "Mechanical" Images. -Very recently, a novel working mode called "Scanning LocalAcceleration Microscopy" (SLAM) was also tested. In that case, the sample is periodically moved up and down (z wobble), using a small piezo-electric disk added to the piezo-scanner (cf. Fig. 2) . One follows the oscillatory response of the cantilever, which amplitude and phase are directly dependent on the elasticity and viscosity of the material, respectively. The theory of this regime has been developed by Burham et al. [16] . Their analysis shows that modulating the position of the sample at frequencies above the highest system resonance gives the clearest difference in cantilever response for the variations in elastic modulus of stiff samples, whereas the low frequency regime is well adapted to much more compliant materials such as biological ones [ 17, 18] 
Quantitative Analysis of SFM Images
The volume fraction of -y and y phases was measured from SFM images acquired in the topographic mode [11, 12] . As Figure 5 . Apart from the unavoidable stereological (Fig. 5b) and statistical ( Fig. 5d) (Fig. 5c ). As illustrated in Figure 6 , the Si3N4 tip has a pyramidal shape (half-anglẽ 36° ) with a rounded vertex of radius ranging between 20 and 50 nm, to be compared with the precipitate size which is about 400 nm. A first way to reduce the measurement bias is therefore to choose the threshold value at the basis of the 1 peak of the height level histogram, rather than inbetween the two peaks (cf. Fig. 5c ) [12] . However, this does not avoid the error due to the impingement of the contributions of the two phases. Different answers to this problem can be proposed, some of them having been already tested. e From a general point of view, imaging modes which does not require etching of the surface, such as SLAM mode, must be prefered. In that case however, other sources of bias can be effective, which have to be carefully analyzed on the basis of theoretical approaches. e The tip effect illustrated in Figure 5c can be strictly described as a morphological dilation of the true surface by a non-flat structuring element [19] . Since the shape of this structuring element is known (cf. Fig. 6) , it is theoretically possible to restore a part of the initial profile by applying the dual transformation, that is a morphological erosion. This has been already tested, not in the case of superalloys, but of ideal and corrugated surfaces [20] . It was concluded that this approach could attenuate, but not completely suppress, the tip-related effects in SFM and STM. The, gain will be enhanced if a model of the structure observed is available.
e The importance of bias is directly related to the depth of etching, which is measurable from the distance between the two peaks of the height level histogram. Thus, one solution is to perform measurements after different times of etching, i. e. for different etching depths, then to use a linear extrapolation up to zero etching depth to get the effective value. As illustrated in Figure 7 , such procedure allowed to measure a volume fraction of Y phase in very good agreement with the one obtained by precipitate extraction and weighing [12] . Apart from the rather long time required for the whole procedure -which in the case of superalloys is comparable with the time required by other quantifying procedures -, one other limitating point is the validity of the linear extrapolation. As it is also possible to use SFM after etching 'Y phase rather than y [21, 22] Our works concerning the enhancement of SFM imaging dealt with single-crystal nickel-based superalloys because there is a real need of fiable measurements for these alloys. Moreover, their microstructure is sufficiently simple to be modelled in a realistic way. Obviously, the potential field of application of SFM in materials science is much wider than superalloys. In terms of microstructure imaging and quantitative analysis, it has a place to take between scanning electron microcopy, which enables rapid observation but can be impeded by complex imaging artefacts, and transmission electron microscopy, which provides relatively fiable images at very fine scales but requires long sample preparation procedures to observe very limitated volumes. Lastly, SFM used in "SLAM" working mode allows not only to image metallic phases with different elastic properties, but also to provide an estimation of their Young moduli. We believe that this opens a wide range of applications for this technique in materials science, although theoretical and experimental works have to be done to found it more firmly.
